The Project Rulison test in Western Colorado was conducted in 1969 to determine if a nuclear device could be used to fracture low permeability, gas-bearing rock to enhance natural gas production. The presence of radionuclides (specifically tritium) in the produced gas persisted above acceptable levels, and the test was abandoned. Advances in hydraulic fracturing technology have made it feasible to extract natural gas from low-permeability reservoirs, and drilling activity near the Rulison site has raised concerns that remnant radioactivity in the detonation zone could migrate to nearby producing wells and enter the natural gas distribution system. The site was modeled using the massively parallel version of TOUGH2, TOUGH2_MP-EOS7R, with over 1,000,000 elements. The majority of the tritium is present as tritiated water, and since the gas permeability of the native formation is several orders of magnitude higher than the liquid permeability, any significant migration occurs with the gas phase. In the model, tritium partitions between the aqueous and vapor phases in relation to the Henry's Law constant. The Henry's constant for tritiated water vapor is simply the water vapor pressure. The model domain includes the entire targeted gas-bearing section and gas production wells installed in 2010 1.2 km (0.75 mile) from the Rulison site. The model was calibrated to historical production and pressure data from the Rulison reentry well and to data from the recently installed gas wells. The model was used to simulate the effects of current wells and of future wells that could potentially be installed nearer the Rulison site.
Introduction
The Piceance Basin in western Colorado contains significant reserves of natural gas in poorly connected, low-permeability (tight) sandstone lenses of the Mesaverde Group. The ability to enhance the production of natural gas in this area has long been a goal of the oil and gas industry. The U.S. Atomic Energy Commission, a predecessor agency to the U.S. Department of Energy (DOE) and the U.S. Nuclear Regulatory Commission, participated in three tests using nuclear detonations to fracture tight formations in an effort to enhance gas production. The tests were conducted under Project Plowshare, a program designed to identify peaceful, beneficial uses for nuclear devices. The first, Project Gasbuggy, was conducted in 1967 in the San Juan Basin of New Mexico. The two subsequent tests, Project Rulison in 1969 and Project Rio Blanco in 1973, were in the Piceance Basin.
The ability to enhance natural gas production from tight sands has become practical through advances in hydraulic fracturing technology (hydrofracturing). This technology has led to an increase in drilling activity near the Rulison site, raising concerns that contamination currently contained in the subsurface could be released through a gas well drilled too close to the site. As wells are drilled nearer the site, the DOE Office of Legacy Management has taken the approach outlined in the June 2010 Rulison Path Forward document (DOE 2010) , which recommends a conservative, staged approach to gas development. Drillers are encouraged to drill wells in areas with a low likelihood of encountering contamination (both distance and direction from the detonation zone are factors) and to collect data from these wells prior to drilling nearer the site's 40 acre institutional control boundary (Lot 11). Previous modeling results indicate that contamination has been contained within Lot 11 (Fig. 1) . The Path Forward document couples the model predictions with the monitoring of gas and produced water from the gas wells and the monitoring of shallow groundwater near the site. 
Geologic Setting and Conceptual Model
Natural gas reserves in the Tertiary and Cretaceous strata of the Piceance Basin are estimated at 300 trillion cubic feet (http://oilshalegas.com/piceancebasin.html). The Williams Fork Formation, in which the Rulison blast occurred, is the primary producing interval near the Rulison site. It is composed of discontinuous, interbedded fluviodeltaic, low-permeability sandstones, and shales (on the order of microdarcys for the sandstones and even less for the shales). The sandstones in the lower two-thirds of the Williams Fork can be stimulated by hydrofracturing to enhance production. Sandstones in the upper one-third of the Williams Fork are not production targets due to their higher water content, which lowers the relative permeability of the gas phase and causes water production to be excessive relative to the amount of gas that can be extracted.
Wells near Rulison typically recover gas from an area of roughly 1,200 ft by 300 ft (10 acres), with the long axis oriented east-west along the natural fracture trend in the Williams Fork. An example area is shown as an elongated oval surrounding a gas well on Fig. 1 . In practice, this requires four wells per quarter-quarter section (centered east-west and aligned north-south) to drain each 40 acre parcel (delineated by white-gray lines on Fig. 1 ). The typical drainage pattern and area have been confirmed by over a hundred wells drilled near the Rulison site. Each well is expected to produce about 1 billion cubic feet (BCF) of gas on average over a 20-25 year life. It is evident that wells east and west of the detonation zone would be in the most susceptible transport direction due to the increased permeability in that direction and the tendency of fractures to propagate in that direction.
The extremely high temperatures associated with a nuclear detonation vaporize a volume of rock and produce a roughly spherical cavity surrounding the blast point. A high-pressure shock wave spreads from the blast, fracturing the rock beyond the cavity wall. Within minutes to hours after the detonation, the fractured rock above the cavity collapses, forming a rubblefilled chimney. The chimney region extends upward from the base of the former cavity to where open fractures end and a stable vaulted ceiling forms. The rubble zone with rock fragments entrained in a glassy matrix forms when the cavity collapses into the basal melt zone. The relatively rapid rate of cooling causes the solidified melt rock to have a vitreous texture (melt glass). The Rulison detonation was at a depth of 8,425 ft below ground surface 271 ft below mean sea level (msl) and created a 76 ft diameter cavity. The top of the chimney was interpreted to be where the reentry well lost circulation 275 ft above the detonation, making the chimney/cavity complex 350 ft high.
Source and Potential Migration Pathway
An underground nuclear detonation produces a number of radionuclide contaminants with the potential to migrate with passing fluids (liquid and gas). Not all radionuclides produced by a detonation pose a long-term hazard. Radionuclides with short half-lives that quickly decay to undetectable levels and those produced in amounts so small that they never exceed regulatory limits can safely be disregarded. Radionuclides with properties that make them essentially immobile in certain geologic environments are also of less concern than those that are more mobile in the subsurface. For all practical purposes, isotopes of uranium, plutonium, cesium, and strontium are immobile in the geologic environment surrounding the Rulison detonation zone, and the existing institutional control areas prevent direct access. However, radionuclides that can exist in the gas phase, have relatively long half-lives, and were created in significant amounts by the detonations are of concern because of their persistence in the subsurface and their potential mobility. The relative permeability of the gas phase is orders of magnitude greater than that of liquids in the natural-gas-producing reservoirs of the Williams Fork Formation. Gas-phase radionuclides produced by the Rulison detonation in estimated order of abundance were tritium (approximately 10,000 curies), krypton-85, and minor amounts of argon isotopes and carbon-14 (Reynolds 1971) .
A reentry well was drilled into the Rulison chimney and tested to determine the success of the detonation at improving gas production. The well produced 455 million cubic feet (MMCF) of gas in 107 days of testing that took place from October 1970 through April 1971 in four separate flow tests. The produced gas was flared to the atmosphere, and samples of the produced gas and produced water were collected and analyzed to determine the degree to which radioactivity levels changed as testing progressed. Radioactivity levels decreased throughout the testing as gas from the chimney region was produced, burned, and replenished by uncontaminated gas from the surrounding formation. Approximately 3,000 curies of the original 10,000 curies of tritium were removed by the production testing, leaving 7,000 curies of tritium that would have decayed to about 600 curies by 2012. Mobile radionuclides other than tritium were largely removed by production testing and radioactive decay. Production testing depleted most of the tritiated methane; the concentration at the end of testing was less than 2 % of the concentration when flow testing began (Reynolds 1971) . Thus, tritiated water remains as the primary mobile contaminant source for the Rulison site.
Modeling Objectives
Previous models of the Rulison site (Cooper et al. 2007 ) indicated that contamination (specifically tritium) was unlikely to migrate beyond Lot 11 even with a gas production well only 61 m (200 ft) from the lot boundary. Reviews of the model results identified concerns with the value of the partitioning coefficient controlling the distribution of tritiated water between the liquid and vapor phases, the assignment of effective porosity to hydraulically generated fractures surrounding a hypothetical production well, and the treatment of molecular diffusion in the partially saturated reservoir. These concerns were addressed in the Model Addendum (Cooper et al. 2009 ) through additional computer simulations testing the impact of these model features on the degree to which tritium is transported away from the detonation zone. A concern not addressed by the addendum was the limited use of data from the site in constructing the model. The 2010 Rulison Model Update (Cooper et al. 2010 ) addressed this concern. The updated model used sandstone and shale ratios from nearby wells (less than 0.5 mile from the model domain) and was calibrated to historical data from the reentry well production tests performed in 1970 and 1971. A major limitation of the previous Rulison models was the computational constraints on the number of elements that non-isothermal EOS7R models could accommodate (all were isothermal runs). With the advent of a massively parallel version of the modeling code (TOUGH2_MP), problems requiring several million elements can now be simulated. The modeling effort has been continued with an extended model domain that includes current gas production wells to the west and spans the entire productive interval. This new Rulison model was calibrated not only to the historical reentry well data, but also to production data from current producing wells. The extended domain made it possible to simulate the effects of the enactment of the Rulison Path Forward.
The equation of state selected was EOS7R, which allows for five components (water, brine, parent radionuclide [RN1], daughter radionuclide [RN2], and air) and two phases (aqueous and gas). The code was modified to calculate a temperature-dependent Henry's Law constant based on the vapor pressure. The code was also modified to change the properties of the "air" component to those of methane to better represent the gas reservoirs of the Williams Fork Formation.
Model Construction
The numerical model uses an equivalent porous media approach even though flow is predominantly through a fractured system. The approach is justified in that the fractures through which flow occurs are assumed to be frequent with limited extents in the low-permeability formation with respect to the size of model elements, and not rare and extensive, such that they would short-circuit the flow system. The permeability in the direction of the natural fracture trend was assumed to be 10 times that in the north-south direction. The mechanical forces that create the nuclear fractured and hydrofractured regions rubblize the formation to increase permeability.
Model Domain and Discretization
The horizontal and vertical extents of the Rulison model domain were designed to include existing gas production wells 0.75 mile west of the site ( Fig. 1) and to include the entire gas-productive lower two-thirds of the Williams Fork Formation. The horizontal extent is 6,000 ft in the east-west direction and 4,000 ft in the north-south direction. The vertical extent of the model domain is 2,200 ft-the 2,000 ft thick lower two-thirds of the Williams Fork Formation and an additional 200 ft into the non-producing upper third of the Williams Fork. This allows data from the recently installed (2010) producing wells to be incorporated into the model to support historical data from the emplacement well and the reentry well. The three-dimensional model is discretized into elements that are 50 ft in the horizontal x and y directions and 20 ft in the vertical z direction, for a total of 1,056,000 cells (120x, 80y, 110z).
Material Types
Geophysical and lithologic logs from the exploratory and emplacement wells, and gas wells in the domain were used with published statistics (Cole and Cumella 2003) on sand-body sizes and correlation lengths to generate the sand-shale distributions. A Markov chain model was used to calculate 10 sandstone-shale realizations using an average lateral sand-body width of 161 m (530 ft) from Cole and Cumella (2004) and an average vertical thickness of 6.1 m (20 ft) based on logs from the Rulison exploratory well and logs of Noble Energy wells in the western part of the model domain. Data from Noble Energy, the primary operator in the area, indicate that about 42.5 % of the targeted Williams Fork section near Rulison can be considered producing sandstones. The remaining 57.5 % is considered shale for the purposes of the model. Figure 2 shows a vertical profile through a sandstone (yellow)-shale (olive) realization with the detonation zone (chimney [red], nuclear fractures [white]) and hydrofracture zones (red). Separate ROCK types were assigned to lower Williams Fork sandstones, upper Williams Fork sandstones (blue), and shale. The nuclear fractured region was defined as a truncated (at depth) ellipsoid with a longer east-west axis to align with the natural fracture trend of the formation. This conceptualization assumes that the fracturing caused by the nuclear detonation occurred preferentially with the natural fracture trend that controls the predominant hydrofracturing direction and that fracturing will preferentially propagate upward, toward the surface. Elements within the nuclear fracture and chimney ellipsoids were changed to ROCK types NFrac, chimn, or glass to allow for their own UWFsd Upper Williams Fork sandstone, gas-bearing but nonproductive Blue specified set of parameters. The melt glass (purple at the base of the chimney in Fig. 2 ) provides a constant heat source (Table 1) .
Hydrofractured Wells
At gas well locations, sandstones within the lower Williams Fork Formation that was 40 ft or more in thickness (model layers are 20 ft thick) were assumed to be hydrofractured for the simulations. As with an actual well, no information about how laterally extensive the sandstone was away from the wellbore was used to decide which interval would be hydrofractured. And, as with an actual well, the horizontal distance that hydrofracturing extended from the wellbore was to a degree controlled by the lithology surrounding the wellbore. Hydrofractures were assumed to extend farther in sandstones than in shales, and it was assumed that hydrofracturing would be more effective in the sandstones. The extent of hydrofracturing was determined using two nested ellipsoids to calculate a near and a far hydrofracture extent. Elements within the near ellipsoid, both sandstones and shales, were hydrofractured. Sandstone elements were changed to hydrofractured near sandstone (HFnsd), and shale elements were changed to hydrofractured shale (HFshl). Initially (prior to gas well calibration), the permeability of HFnsd elements was set at 100× the permeability of lower Williams Fork sandstones (LWFsd), and the permeability of the shale increased 10×. Outside the inner ellipsoid, but within the far ellipsoid, only the sandstone elements were hydrofractured. They were changed from sandstone to hydrofractured far-sandstone elements (HFfsd) with a permeability increase of 10× that of the previous LWFsd elements. The axes of the ellipsoids were elongated east-west in the direction of the natural fracture trend of the formation. Figure  2 shows hydrofractures elongated in the east-west direction.
Model Parameters

Permeability and Porosity
A reasonable range of permeability and porosity values for the various ROCK types was determined by calibrating the Rulison model to production and pressure data from the reentry well and to gas wells within the domain. Calibrating the Rulison model to the reentry well data determined reasonable parameters for the permeability and porosity of the chimney, nuclear fractured region, and the lower Williams Fork sandstones. Calibrating the Rulison model to the production well data determines reasonable parameters for the permeability and porosity of the lower Williams Fork sandstones and the hydrofractured sandstones and shale near producing wells. A discussion of the model calibration is in Sect. 3.
Capillary Pressure and Relative Permeability
Capillary pressure and relative permeability can significantly affect the movement of fluids in a multiphase system. For partially saturated gas reservoirs, the presence of a wetting phase (water) impedes the movement of the nonwetting (gas) phase because the gas must overcome the capillary pressure of the water. Additionally, the presence of water partially blocks openings, reducing the area through which gas can flow and reducing the permeability of the gas phase. Capillary pressure and relative permeability curves for each ROCK type were based on published information about the Mesaverde in Byrnes and Cluff (2009) . The capillary pressure curves were based on the TRUST capillary function (Narasimhan et al. 1978) , and the relative permeability curves were based on Corey (1954) , except the curve for shale, which is based on the van Genuchten-Mualem model (Mualem 1976; van Genuchten 1980) . Values for unique ROCK types in the model (chimn, NFrac, HFnsd, HFfsd, and HFshl) were estimated considering the effects that hydrofracturing would have on the unfractured rock (tend to increase relative gas permeability and decrease capillary pressure relative to the published Mesaverde values). Tables 2 and 3 list the parameters used for the λ = Van Genuchten, shape factor, 1 − 1/n. Slr = residual liquid saturation. Sls = Van Genuchten, liquid saturation at liquid relative permeability = 1. Sgr = residual gas saturation capillary pressure and relative permeability functions, which are described in the TOUGH2 user's guide (Pruess et al. 1999 ).
Boundary Conditions
The size of the model domain in combination with the very low native permeabilities of the formations allows for no-flow boundaries on all sides without significantly altering the flow field, even for wells near boundaries. The majority of flow within the model domain is from regions that have been fractured to allow flow: the nuclear fractured region or hydraulically fractured regions surrounding gas wells. These regions are separated from boundaries by the very low permeability formation, and any significant interaction with boundaries over the time frame of the simulations would itself indicate that the model is not calibrated to observed real-world conditions.
Initial Concentration and Partitioning of Tritiated Water (THO) Between Gas and Aqueous Phases
The Henry's Law constant is used to describe the partitioning of a compound between the gas and aqueous phases. Because THO is water, with a tritium isotope of hydrogen substituting for one of the stable hydrogen atoms in the water molecule, the Henry's Law constant is simply equal to the vapor pressure of water, which in TOUGH2 is taken from steam tables (International Formulation Committee 1967) . This is not precise, but is accurate to within a few percent, because the THO molecule is heavier than regular H 2 O (20 vs. 18 g/mol), causing it to be slightly under represented in the more energetic gas in the real system relative to the simulations. The water vapor pressure increases with temperature (Fig. 3) , and the code was modified to calculate a spatially variable temperature-dependent Henry's Law constant based on the vapor pressure. The inverse Henry's Law constant is plotted in Fig.  3 to be consistent with the TOUGH2-EOS7R formulation of the Henry's Law constant of radionuclide 1 (HCRN1), which has units of 1/Pa. These values of Henry's Law constant reproduce published values for the relevant temperatures (Smiles et al. 1995) , verifying the approach. The partitioning or interchange of molecules between phases in equilibrium is particularly important for the retarding effects on the migrating tritiated water vapor. As it comes into contact with the relatively immobile tritium-free liquid water along its path, it exchanges molecules to achieve molecular equilibrium. This essentially dilutes the migrating (as vapor) contaminated water. When the relative densities of the gas and liquid phases are considered (liquid is roughly 10 times denser than gas under reservoir conditions) along with the fact that at most only a few percent of the gas is water vapor, this is a strong retarding mechanism. The initial concentration was assigned to chimney elements (1.0×10 −9 ) as a mass fraction of THO in the aqueous phase (a primary variable). Calculations based on the amount of tritium remaining after the production testing in 1971 (about 7,000 curies) and the saturated volume of the chimney elements indicate an initial aqueous phase THO mass fraction of about 1.3 × 10 −10 . The significantly larger value, almost an order of magnitude, was used due to some uncertainty in the initial value and to be conservative. The gas-phase mass fraction of THO (a secondary variable) is calculated (partitioned) with the first time-step of the simulations based on the initial thermophysical properties for the chimney elements. The code was also modified to replace air (not in the gas reservoirs) with methane. This was necessary to get the initial partitioning correct, because the molecular weight of air (29 g/mol) is greater than that of methane (16 g/mol). The mass fraction of THO in the gas phase will be higher if it partitions into a less-dense gas phase (methane rather than air).
Initial Conditions
A set of initial conditions have to be supplied for every model element prior to running simulations. The gravity capillary equilibrium initial conditions were calculated analytically using the TRUST capillary function (Narasimhan et al. 1978) . Initial conditions were first calculated for the entire mesh with no detonation zone. Elements in the mesh located in the detonation zone were converted to the ROCK types NFrac, chimn, and glass to simulate the detonation. Initial conditions for those elements were changed to be more representative of the new ROCK types that have significantly different parameters than either sandstone or shale and for the expected conditions 1 year after the detonation at the time of the reentry drilling (Fig. 4) .
Formation
Shut-in pressures through the productive interval from drill-stem tests in the pre-shot exploratory well ranged from 15.5 to 21 MPa (2,250 to 3,050 pounds per square inch [psi]) (Nork and Fenske 1970) . The calculated initial pressures ranged from 19.7 to 22 MPa (about 2,850 to 3,190 psi) from the top to the bottom of the domain. Water saturations are about 0.50 in the sandstones and about 0.65 in the shales, with the variation due to the capillary pressure 
Detonation Zone
The detonation created a chimney (a cavity and subsequent rubble-filled collapse chimney) with properties significantly different from those of the native formation and surrounded by a fractured zone of increased permeability. It is assumed that when the detonation zone cools to below the critical temperature, water from the vaporized formation condenses and pools at the bottom of the collapse chimney. The initial water saturation of most chimney elements was assigned a value of 0.25, with water content increasing downward to the base of the chimney, maintaining the total original volume of water. The initial water content of the surrounding nuclear fracture elements was not changed from that of the original sandstone or shale. The temperature of the chimney was assigned an initial value of 230 • C (measured in the reentry well at 445 • F; DeGolyer and MacNaughton 1971), and the nuclear fractures were assigned a temperature of 155 • C (no measurements, but assumed cooler than the chimney, but hotter than the formation). The melt-glass elements at the base of the chimney were assigned a temperature of 255 • C and given very low permeability and porosity to act as a constant heat source.
Decay and Diffusion
The majority of the tritium produced by the detonation has been removed from the subsurface through the decay of tritium to stable helium-3. The half-life of tritium is 12.32 years, or 4,500 days (Lucas and Unterweger 2000) . An easy way to visualize the effect of decay is that for every 40-year period, the amount of tritium decreases by an order of magnitude. For instance, the approximately 7,000 curies of tritium remaining after the Rulison nuclear test in 1969 (about 3,000 curies of the original 10,000 curies were removed by production testing) will have decayed to 700 curies in 2009 and to 70 curies in 2049. Concentrations would be further reduced as contaminated water diffuses away from the chimney into the surrounding nuclear fractures. Diffusion and the associated parameter tortuosity were implemented as a constant diffusivity model for the simulations.
Well Treatment
Production from the reentry well was simulated using a MASS extraction (Pruess et al. 1999 ) of combined gas and water, based on the historical data that recorded both the amount of gas and water extracted over time and the resulting pressure decline. Production testing took place over a total of 107 days during four separate tests from October 3, 1970 , to April 23, 1971 . A total of 455 MMCF of gas (430 MMCF dry gas) was produced along with 20,244 barrels of water during the testing (Fig. 5) . The observed data of million cubic feet of gas plus barrels of water were converted to a kilogram per second rate for model input. There were 13 different rate step changes to simulate the four production tests and the declining production rate. Production from current and future gas wells was simulated as production against a specified wellbore pressure (well on deliverability; Pruess et al. 1999 ). An estimated down-hole pressure of 600 psi (based on discussions with operators of gas wells within the model domain) was assigned to perforated well elements using the DELV option in the model. Wellbore elements are assigned a productivity index that accounts for the element size, permeability, and the size and development of the wellbore to get a production rate that is independent of model discretization. Pressurized gas in the formation, about 2,900 psi at Rulison, flows to the lower-pressured wellbore (600 psi). The resulting production rate declines over time as fluids are depleted. The simulated production rate was compared to the actual production rate from existing producing wells within the model domain to determine how well the model simulated actual production. 
Reentry Well Calibration
The primary calibration of the model was based on the historical reentry well data. The calibration simulations were conducted on a subset of the model domain from the vicinity of the detonation (275,000 elements) to reduce computation time to allow for the numerous simulations required for calibration. Parameters adjusted during the calibration process were the permeability and porosity of the chimney, nuclear fractured region, and the lower Williams Fork sandstone. The fit parameters are given in Table 4 , and the best fit is shown on Fig. 6 . The permeability of the lower Williams Fork sandstone in the horizontal direction of the natural fracture trend (kx) was assumed to be 10× that of the permeability normal to the trend (ky) and that of the vertical permeability (kz). This anisotropy ratio was constant for all simulations.
Gas Well Calibration
Parameters adjusted during the calibration process were the permeability and porosity of the LWFsd, the hydrofractured sandstone near the well (HFnsd), the hydrofractured sandstone far from the well (HFfsd), and the hydrofractured shale near the well (HFshl). Three wells, two with many sand layers perforated (26-33B, 26-34C) and one with few sand layers k increase is permeability multiplier over LWFsd."Near" is within an ellipse with an x radius of 250 ft and a y radius of 60 ft from the well. "Far" is between the near ellipse and an ellipse with an x radius of 400 ft and a y radius of 60 ft from the well perforated (26-34D), were chosen for the calibration. The best fit (solid lines) plus the other two simulation results are shown on Fig. 7 . The best fit parameters are given in Table 5 . Because of the limited production history, a second calibration method is to compare the simulated and industry-expected total production over the life of a well (about 1 BCF) to be sure the results are reasonable. With a simulated production life of 25 years, wells 26-33B and 26-34C would produce about 1.44 and 1.34 BCF, respectively, given the parameters of the calibrated model. The well with fewer potential reservoir sands, 26-34D, would produce about 0.66 BCF.
Model Results
The primary benefit of a numerical model is that past, current, and future scenarios can be tested. The Rulison model was initialized to conditions following the detonation and used to simulate the reentry well production testing, the subsequent pressure recovery after testing ended, migration of contamination from the detonation zone to its current extent (primarily by diffusion), and the effects on the flow system of the recently installed gas wells. The Rulison Path Forward document (DOE 2010) puts forth a logical approach to future gas development in the vicinity of the Rulison test. The model was used to simulate the enactment of the Path Forward drilling plan for one potential time schedule, providing a visual representation with quantifiable results of how the flow system and potential contaminant migration would be affected.
Post-Detonation to 2010 Simulations
The post-detonation simulations show conditions after the detonation through the reentry well testing to just before recent gas development in the area. Figures 8 and 9 (designated X, for plot of mass fraction THO gas, P for pressure, T for temperature) are vertical sections (located at y38 on Fig. 1 ) that show the simulated conditions after production testing ended in 1971 and at the time of gas well installation within the model domain in 2010. Pressure is shown on the concentration plots as black contours to reference with the color pressure plots. The demarcations for Lot 11 are for the east-west boundaries and extend beyond the lot north and south (y increases to the north).
Production testing reduced pressures to about 250 psi in the chimney and to less than 1,000 psi in the surrounding nuclear fractured region (Fig. 8P) . The pressure drop extended through the nuclear fractured region into adjacent sandstones. The low pressures in the chimney enhanced the evolution of THO from the aqueous phase into the gas phase, significantly increasing the concentration in the gas phase (Fig. 8X) . The lower pressures also decreased the temperature in the chimney (Fig. 8T) . The temperature of the melt glass at the base of the chimney is constant at 255 • C to simulate a radioactive heat source and to promote partitioning of THO into the mobile gas phase. Observed actual tritium concentrations decreased throughout the production testing, suggesting that the amount of simulated initial tritium is likely overestimated and that this aspect of the model design is conservative. Figure 9 (located at y38 on Fig. 1) shows the conditions 40 years after the detonation and 38.4 years after the production testing ended (2010). The extent of the contamination has continued to spread, but does not reach the lot boundary, and the highest concentration in the chimney has decreased over an order of magnitude in response to production testing and decay (Fig. 9X) . Pressures in the detonation zone have recovered to essentially those of the formation prior to the production testing (Fig. 9P) . The key finding from the initial set of simulations is that contamination remains within the institutional control boundary after 40 years of diffusion.
Path Forward Simulations
The Rulison Path Forward (DOE 2010) recommends that wells encroaching on the site be drilled in a staged approach to minimize the risk of encountering contamination. The path forward simulations begin with the onset of production from wells installed in 2010. The simulations assume that future wells will be installed in three separate stages, located in areas of perceived lesser to greater risk: wells about 0.5 mile west of the site (half-mile wells, in 2015) in the direction of the natural fracture trend, wells north and south of the site (N/S wells, 2020), and wells west of and adjacent to the site (adjacent wells, 2025). This timeline likely will not be met due to the price decrease of natural gas over past few years, though the results would not be materially different from results for wells drilled on a later schedule.
The plots of simulated results in 2015 show the pressure drop extending from the existing gas wells and the remnant pressure effect from the reentry well (Fig. 10P) , and the unaffected concentration distribution (Fig. 10X) in the detonation zone. This is 5 years into production of the existing wells and the time the theoretical wells located just outside the half-mile (2010) radius west of the site begin production (2015) . Profile x17 is shown in addition to y38 to provide a perpendicular view through the model to allow the effects of more than one well to be seen. It shows that the simulated extent of the pressure effects is primarily east-west and limited north-south. North-south pressure interaction between the existing wells that began production in 2010 has not been observed. Pressure interactions have been observed for a few wells aligned east-west within a few miles of the site, but not for those wells within the model domain. Figure 11 shows the simulated conditions in 2025, 15 years into production of the existing wells, 10 years into production of the half-mile wells, and 5 years into production of the N/S wells. Profiles x17, y38, and y69 are shown to provide a view through the model. The top right portion of y38 is blanked to allow the pressure response of the N/S well on y69 to be seen. The theoretical wells in the most vulnerable location west of and adjacent to the site (adjacent wells) begin production at this time. The concentration distribution is little changed, since 2020 though the extent of the highest concentration is decreasing due to decay. Figure 12 shows the simulated conditions in 2045 (end of the simulation), 10 years after production from the existing wells ended, 5 years after production from the half-mile wells ended, 25 years into production of the N/S wells, and 20 years into production of the adjacent wells. An additional contour (2,875 psi) was added to see minor pressure effects in the vicinity of the chimney region (Fig. 12P) . The connection between the pressure drawdown at the well immediately west of the site and the remnant lower pressure region in the detonation zone (Fig.  12P) is evident with the more detailed color scale. This small pressure gradient is insufficient to induce migration of THO from the detonation zone (Fig. 12X) . The recovery of pressures 
Summary and Conclusions
The primary objective of this study was to enlarge the model domain so that drilling activity, both present and future (Rulison Path Forward), could be simulated, and the potential effects on the Rulison site could be evaluated. The model simulated the production from existing wells (installed in 2010) and theoretical future wells installed in a staged approach. The model was calibrated to both the historical production and pressure data from the reentry well and to the production data from the recently installed gas wells. Attempts were made to be more conservative than previous models by elongating the detonation zone (both the chimney and surrounding nuclear fractured region) in the direction of the natural fracture trend in the area.
This study confirmed the results of the previous Rulison modeling in that it predicts that contamination, in the form of tritiated water, is contained within the institutional control boundary of Lot 11. This prediction is based on a conceptual model that assumes the fractured formation can be simulated using an equivalent porous media approach. The frequency, connectivity, and limited permeability extent of individual fractures perform as a porous matrix within a representative elementary volume, the size of the individual model elements.
The finding that THO did not migrate from the detonation zone was fully expected considering the retarding affect of THO vapor coming into contact with liquid water. However, the possibility that production from nearby gas wells could reduce pressure in the formation enough to make a connection with the detonation zone was demonstrated for a few perforated intervals in a simulated well in the most vulnerable location. However, the induced pressure gradient was less than observed natural pressure variations in different sandstones in the same well and was not sufficient to induce contaminant migration.
